To improve the flame retardancy of polyacrylonitrile (PAN) fabric, glycidyl methacrylate (GMA) was firstly grafted onto the surface of PAN fabric. Then, the GMA grafted PAN fabric (PAN-g-GMA) was chemically modified with hydrazine hydrate and phosphorus acid in sequence to obtain ammoniated PAN-g-GMA fabric (Am-PAN-g-GMA) and flame retardant PAN fabric (FR-PAN), respectively. The structures, thermal properties and combustion characteristics of the samples were researched in detail. The results indicate that the fire retardant PAN fabric has good char-forming ability. Cone calorimeter tests show that the total heat release (THR) of FR-PAN declines by 38.4%, while the peak heat release rate (PHRR) of FR-PAN decreases by 60.2%. Moreover, the total smoke production (TSP) and the peak smoke production rate 
Introduction
Polyacrylonitrile (PAN) ber, one of the most important synthetic bers, has been widely used for household and technical textiles because of its good warmth retention and resistance to light, mildew, etc.. Unfortunately, PAN ber is easy to ignite and burns intensely; what's more, toxic hydrogen cyanide will be released accompanied by smoke, which seriously restricts its wider applications. Therefore, development of a ame retardant PAN ber is an alternative strategy to avoid this defect. It is interesting to nd that phosphorus-containing species can impart acrylonitrile (AN) polymer, PAN ber or its fabric good ame retardancy. In addition, PAN ber 1,2 and its fabric 3 will possess excellent ame retardancy when the phosphorus content in these materials is over 3 wt%. Ammonium polyphosphate (APP), diammonium hydrogen phosphate and ammonium dihydrogen phosphate can be used alone or in combination as ame retardants to blend with PAN or AN polymers. In this blending method, these compounds can catalyze the cyclization of nitrile group (CN), at the same time, the activation energy of cyclization decreases, as a result, the release of volatile products and smoke is restrained. [4] [5] [6] In order to increase the ame retardant durability of AN polymer, Wyman 7 copolymerized dialkyl-p-vinylbenzyl phosphonates with acrylonitrile and found that phosphorus acid decomposed from the copolymer could catalyze the copolymer's cyclization and char formation. Ren utilized O,O-diethyl-O-allylthiophosphate to copolymerise with acrylonitrile to increase the re retardancy and the amount of char residue of the copolymer. 8 However, the greater the steric effect of the comonomer, the more difficult the cyclization is of the copolymer. Therefore, some researchers attempted to take advantage of phosphorus free monomers, such as methacrylic acid and vinyl benzoic acid, 9 methyl methacrylate 10 and itaconic acid [11] [12] [13] to copolymerize with acrylonitrile to promote the cyclization of the polymer owing to the catalysis of the carboxy group. Unfortunately, the ame retardancy of these copolymers without phosphorus content is far less than that of the phosphorus containing copolymers.
Ultraviolet (UV) graing technique has been extensively applied for surface modication of materials. Compared with other graing approaches, the UV-initiated photograing technique has many advantages, such as simple operation, low cost, especially little or no damage to the bulk properties of the materials. [14] [15] [16] In the presence of photoinitiator, polymer macromolecular radicals will be formed when the polymer is exposed to UV irradiation. Then, the macromolecular radicals trigger the gra polymerization of monomers under UV irradiation. 17 Liu prepared acrylamide-graed nylon-6,6 fabric by UVinduced photograing technique and found that the fabric with the graing percentage (GP) of 32.5 wt% had a limiting oxygen index (LOI) value of 26.2 and good washing durability. 17 Similarly, Kundu synthesized a phosphorus and nitrogen-containing DOPO-based comonomer and made it gra onto nylon 6,6 fabric via UV graing. The melt-dripping phenomenon was disappeared and the peak of heat release rate (PHRR) dropped by 22%. 18 Furthermore, phosphorylated chitosan (PCS) was graed onto the surface of the nylon 6,6 fabric through UVinduced photo-graing technique followed by sol-gel coating. 19 The results showed that the treated fabric had no melt dripping and the PHRR was decreased by 30%. In our previous work, 14 hydroxyethyl methacrylate (HEMA) was UV-induced to gra on the surface of PAN fabric. Then the graed PAN fabric with 23 wt% HEMA was phosphorylated to prepare ame retardant PAN fabric. The ame retardant PAN fabric had an LOI value of 32 and 40.5 wt% char residue at 800 C in nitrogen. Herein, in order to improve the re retardant performance of PAN fabric, GMA was graed onto the surface of PAN fabric (PAN-g-GMA) by UV-induced graing polymerization technique. Then, hydrazine hydrate and phosphoric acid were successively reacted with PAN-g-GMA to prepare ame retardant PAN fabric (FR-PAN). Furthermore, the structure, thermal properties and ame retardancy of the fabrics were all studied. 
Preparation of GMA-graed PAN fabric (PAN-g-GMA)
Polyacrylonitrile ber fabric was cut into the appropriate size (10 cm Â 10 cm) and submerged in a solution containing specic concentration of BP, methanol and GMA for a period of time. Then, the fabric was taken out and put under a high pressure mercury lamp (500 W with a wavelength of 365 nm) with 15 cm distance to irradiate for a certain period of time. Thirdly, the fabric was extracted with acetone in the soxhlet extractor for 12 h followed by repeatedly rinsing in distilled water to remove the excess BP, unreacted GMA and its homopolymer. Finally, the fabric was dried in an oven at 60 C until a constant weight. The dried fabric was weighed on the analytical balance. The graing percentage (GP) of GMA was calculated by the following equation:
where, W 1 and W 2 are the weight of the fabric before and aer graing, respectively. A series of fabrics with different graing percentage (GP) were prepared. With the increase of GP, the physical properties of the fabrics decreased to some extent. Therefore, considering the efficiency of ame retardant modication and the physical properties of the fabric, the graed fabric with a graing percentage of 30 wt% was selected for the subsequent ame retardant modication.
Preparation of ame retardant PAN fabric (FR-PAN)
The PAN-g-GMA sample with 30 wt% of GMA was placed in a 250 mL three-neck round-bottom ask equipped with a stirrer. An aqueous solution of hydrazine hydrate was injected into the ask. The temperature of the solution was gradually heated to 90 C for 2 h in a water bath. Then the fabric was washed three times with ethanol. Aer that the fabric was repeatedly washed with distilled water to remove the excess hydrazine hydrate, followed by drying in an oven for 12 h. Thus, the aminated PANg-GMA (Am-PAN-g-GMA) was obtained.
Next, Am-PAN-g-GMA sample was placed in a 250 mL threenecked round-bottom ask equipped with a stirrer, and the ask was placed in a water bath. An aqueous solution of phosphoric acid and urea was then injected into the ask. The temperature of the solution was gradually heated to 65 C for 2 h. Then the fabric was taken out and washed with distilled water many times to remove the excess reactants. Finally, the fabric was fully dried in an oven for 12 h. Finally, the FR-PAN fabric was obtained with 44 wt% weight gain. The schematic route of preparing of FR-PAN is illustrated in Scheme 1.
Characterization
Attenuated total reectance Fourier transform infrared spectroscopy (ATR-FTIR) was performed on a Bruker Vector 22 spectrometer. The spectra were acquired in the absorbance range of 4000-400 cm À1 .
The X-ray photoelectron spectroscopy (XPS) spectra were recorded by a Thermosher K-alpha photoelectron spectrometer using Al Ka excitation radiation.
The thermogravimetric (TG) analysis was carried out by a thermogravimetric analyzer (Thermal Analysis Q600 SDT). All samples were heated from room temperature to 800 C at a heating rate of 10 C min À1 under air atmosphere.
Differential scanning calorimeter (DSC) was carried out on a DSC200F3 (Netzsch, Germany). Each sample with about 5 mg was sealed in aluminum sample pans. The samples were scanned under N 2 (30 mL min À1 ) from room temperature to 350 C at a heating rate of 10 C min À1 . DSC curves of all the samples were obtained from a single heating process. The surfaces of the samples were observed with a scanning electron microscope (SEM, Hitachi TM3030) to analysis the changes in surface morphology.
The combustion performance of the samples with the size of 100 mm Â 100 mm Â 2 mm was accessed by a cone calorimeter (FTT, UK) according to ISO 5660-1 under an irradiative heat ux of 35 kW m À2 in horizontal conguration. The time to ignite (TTI), heat release rate (HRR) and the peak of HRR (PHRR), total heat release (THR), total smoke production (TSP), smoke production rate (SPR) and peak of SPR (PSPR) were all evaluated.
The ammability of the samples was measured by limiting oxygen index (LOI) according to GB 5454-1997 on a HC-2 limited oxygen index instrument. The samples with the size of 58 mm Â 150 mm were ignited several seconds in methane ame and tested for ve times.
In order to verify the ame retardant durability of the re retardant PAN fabric, the fabric with the size of 5 cm Â 10 cm was washed according to AATCC Test Method 61-2003 test no. 1A with 0.37 wt% detergent. One washing cycle lasting for 45 min equals to ve commercial launderings. Accordingly, the LOI values of the fabrics aer different washing cycles were test. Fig. 1 shows the FTIR spectra of the pristine fabric, PAN-g-GMA, and FR-PAN samples. For the original PAN fabric, the peak located at 2242 cm À1 is due to the stretching vibrations of the typical functional group of -CN. The peaks appeared at 2934 cm À1 and 1446 cm À1 attributes to the stretching and bending vibrations of the C-H bond in -CH 2 . 27 Besides, a peak appeared at 1732 cm À1 belongs to the stretching vibrations of C]O in the carboxyl group, which is also the typical functional group of acrylonitrile-vinyl acetate copolymer ber fabric used in our previous work.
Results and discussion

FTIR analysis
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For the PAN-g-GMA fabric, the adsorption peak at 1732 cm
À1
is signicantly enhanced attributing to the C]O group of the graed GMA. Meanwhile, the appeared three bands at 990 cm À1 , 914-854 cm À1 and 764 cm À1 are the characteristic peaks of the epoxy group in GMA. 29 The results demonstrate that GMA has been successfully graed onto the surface of the PAN fabric.
As far as the spectrum of Am-PAN-g-GMA is concerned, the typical bands of the epoxy group disappear. Alternatively, a wide band appears at 3700-2984 cm À1 belonging to the -OH and -NH 2 resulting from the reaction of epoxy groups with hydrazine hydrate. 8 In case of FR-PAN, the band located at 1186 cm À1 is caused by P]O and P-O group, while the peak at 929 cm
attributes to the O-P-O group. These results conrm the amination and phosphorylation of the PAN-g-GMA fabric, in other words, ame retardant PAN fabric has been successfully prepared.
XPS analysis
The elemental components on the surface of the fabrics are analyzed by XPS, as shown in Fig. 2 and Table 1 . For the original PAN fabric, three typical absorption peaks at 532, 405 and 286 eV are due to O1s, N1s and C1s, respectively. 14 For the PANg-GMA fabric, it is clearly that the peaks of O1s and N1s increase greatly, resulting from the graed GMA. In case of Am-PAN-g-GMA, the peak of N1s increases. For the FR-PAN fabric, a new absorption peak owing to P2p appears at 140 eV while the peak of O1s increases obviously. 30 These results again prove the successful modication of the PAN fabric, which are agreed with the results of the FTIR analysis.
Thermal analysis
The thermal properties of the pristine fabric, PAN-g-GMA, Am-PAN-g-GMA and FR-PAN are assessed by TG-DTG in air atmosphere. The TG-DTG curves of each sample are shown in Fig. 3 and 4 .
For the original PAN fabric, three weight loss steps are observed attributing to the cyclization, decompositioncarbonization and thermo-oxidation of char, [31] [32] [33] as can be seen in Fig. 3 . The rst stage occurs at about 288 C and the peak temperature of the rst weight loss is at 308 C. In this stage, the weight loss attributes not only to the oligomerization reaction between the adjacent cyano, but also to the released gases, for example, ammonia and nitriles resulting from the decomposition of the PAN side group. 34 The second stage begins at 366 C.
In this region, the decomposition-carbonization process of the cyclic structure occurs and produces a certain amounts of gases, such as ammonia, hydrogen and hydrogen cyanide. As a result, a graphic carbon structure is formed in this period. 31 The third step occurs at above 480 C owing to the thermal oxidation decomposition of the char residue produced in the rst two stages. For PAN-g-GMA, two main weight loss steps appeared. The peak temperature of the rst mass loss is lower than that of the control sample attributing to the earlier degradation of GMA. The second mass loss is wider than the rst one and is similar to that of the original PAN.
As far as Am-PAN-g-GMA is concerned, the weight loss is not clearly observed in TG curves, however, as seen from DTG curves, the weight loss is relatively complex, and can be mainly divided into ve stages. The rst stage located at 90 C corresponding to the release of the adsorbed water due to the moisture adsorption ability of the amino groups in Am-PAN-g-GMA. The second weight loss is at 188 C owing to the release of water and ammonia decomposed from the nitrogen-, hydroxycontaining groups. The third and the fourth weight losses are due to the decomposition-carbonization of the cyclic structure, which is similar to that of the control sample. Similarly, the last weight loss attributes to the thermal oxidation decomposition of the char residue.
In case of FR-PAN sample, the weight loss is more complex, and six weight losses are appeared. The rst one located at 95 C is ascribed to the release of the absorbed water, which is due to the moisture adsorption of amino groups and phosphoric hydroxyl groups. The second one lying at 202 C attributes to the released water and the decomposition of the graed pendent groups. The third and the fourth weight losses are due to the further decomposition of the graed pendent groups and the dehydrogenation of cyanide cyclization. The h one is the decomposition-carbonization process of the formed cyclic structure and the last one is the thermal oxidation decomposition of the char residue produced in previous stages. the exotherms peaks of all the samples are attributed to the cyclization reactions, which are initiated through a free radical mechanism. 35 As shown in Fig. 5 , there is only one sharp and shoulder-containing exothermic peak located at 305 C in PAN fabric with À514 J g À1 heat release, which is caused by the breakage of the molecular chains and weight loss. In addition, it is agreed with the results of TG analysis. In case of PAN-g-GMA, there is also one exothermic peak, and the temperature of the sharper peak lied at 311 C, which is a little higher than that of the control fabric. This may be due to the fact that the graed GMA groups weakens the interaction between nitrile groups and restrains the cyclization reaction, resulting in the cyclization temperature increasing. The heat release (À363 J g À1 ) is quick and concentrated and is lower than that of the pristine fabric (À514 J g À1 ).
DSC analysis
For Am-PAN-g-GMA, two wider peaks appeared, the endothermic peak (133 J g À1 ) locating at 140 C attributes to the release of adsorbed water. The exothermic peak (À175 J g À1 )
lying at 307 C is assigned to the cyclization reactions initiated by the graing pendent groups through an ionic mechanism, which broadens the exothermic peak and avoids centralized heat release. In case of FR-PAN, there are two exothermic peaks and the cyclization reactions can be initiated through both radical and ionic mechanism. 36 The lower exothermic peak is due to the cyclization reactions, which is much lower than that of the control sample, PAN-g-GMA and Am-PAN-g-GMA, indicating that the cyclization reactions are easier to be initiated in FR-PAN than in the control, PAN-g-GMA and Am-PAN-g-GMA samples. In addition, the higher exothermic peak of FR-PAN is also lower than that of other samples. The heat release of the two exothermic peaks is À49 and À100 J g À1 , respectively. It is reported that single exothermic peak in DSC curve is not conducive to improving the stabilization of PAN. 34 Therefore, two exothermic peaks appeared in FR-PAN indicates that FR-PAN can efficiently promote the cyclization reaction and improve the stabilization of PAN than the control, PAN-g-GMA and Am-PAN-g-GMA samples, as is proved by TG analysis.
Combustion properties
Cone calorimetric (CC) tests were performed in order to analyze the combustion of the FR-PAN fabric by simulating the re environment in the real re. The heat release rate (HRR), total heat release (THR), smoke production rate (SPR) and total smoke production (TSP) of the original PAN and FR-PAN fabrics are all obtained and shown in Fig. 6 . In addition, the corresponding data including the time to ignite (TTI), peak of HRR (PHRR), peak of SPR (PSPR), average mass loss rate (aMLR) and the residue mass are summarized in Table 2 . As shown in Table 2 , the TTI value increases from 25 s of the control PAN fabric to 33 s of the FR-PAN fabric. As TG explained above, FR-PAN will undergo thermal decomposition at relative lower temperature to release the bound water. The released water will take away part of the heat, in other words, in order to ignite the sample, more heat and time are needed. Therefore, TTI of FR-PAN is higher than that of the control sample. The aMLR of the FR-PAN fabric is reduced a half compared with that of the control PAN fabric, while the residual mass of the FR-PAN fabric aer combustion increases obviously, which conrms the results of TG test. Besides, the re growth rate index (FIGRA) calculated by the ratio of PHRR and time to PHRR, decreases signicantly. In general, a lower FIGRA implies that the time to deagration is delayed, which makes people in the scene of a re have enough time to escape and re extinguishers arrive.
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These results demonstrate the suppression for the re occurrence and the re spread of the FR-PAN fabric, 38 which can signicantly extend the time to escape in a real re.
Heat release properties are of great signicance in assessing the ame retardant properties of materias. As can be seen in Fig. 6 and 74.2%, respectively. It is evident that the smoke production rate and total smoke production of FR-PAN fabric are all decreased greatly, indicating a reduction in re hazards. The smoke suppression mechanism may be due to the formation of a protective barrier of the resultant compact char residue catalyzed by phosphorus-containing acid species, which thus protects the underlying matrix from degrading into volatile fuel.
SEM analysis
In order to observe the surface morphological features of the PAN, PAN-g-GMA, Am-PAN-g-GMA and FR-PAN samples, scanning electron microscopy (SEM) was employed to analyse the surface morphology of the samples. As seen in Fig. 7(a) , the surface of the pristine fabric is smooth with some grooves. Whereas, PAN-g-GMA has rougher surface and some lumps are adhered to the surface, implying the successful graing of GMA onto the surface of PAN fabric (Fig. 7(b) ). For Am-PAN-g-GMA ( Fig. 7(c) ), the surface morphology is almost the same as that of PAN-g-GMA. However, the surface of FR-PAN ( Fig. 7(d) ) becomes rougher, and a lot of lumps appeared on the surface, suggesting that phosphorylation introduces relative large functional groups onto the surface of the ammoniated PAN-g-GMA fabric. As a result, the ame retardancy of the modied PAN fabric increases greatly. The surface of the burned FR-PAN ( Fig. 7(e) ) becomes coarser and shows dense bark like structure. Aer phosphorylation, a thin coating will be covered on the surface of PAN fabric and can serve as a protective barrier. When the modied PAN fabric is heated, the coating will be decomposed in advance, resulting in the release of phosphorus-containing acids, which will promote the cyclization of nitrile groups to form much char residue, i.e., it is conductive to effectively inhibit the mass and the heat transfer between the fabrics and the environment during the combustion process. This proves the increased ame retardancy and the amount char residue of the modied PAN fabric as mentioned above.
Flame retardant durability of the fabrics
The LOI values of the PAN and FR-PAN fabric before and aer washing are listed in washing resistance and excellent ame retardant durability, which attributes to the presence of the covalent bond of phosphorus-containing groups.
Conclusions
A ame retardant PAN fabric (FR-PAN) was prepared by UVinduced graed polymerization of GMA onto the PAN fabric followed by ammoniation and phosphorylation. Aer ame retardant modication, the char residue of the FR-PAN fabric increases greatly and the cyclization temperature decreases compared to the control fabric. The cone calorimeter results show that TTI, time to PHRR and char residue all increase. Whereas, PHRR, THR, TSP, aMLR and PSPR all decrease. In addition, FIGRA decreased by 67.4%, implying good re hazard suppression. The LOI value of the FR-PAN fabric was 29.3 aer 30 washing cycles, indicating good washing resistance and excellent ame retardant durability.
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